Sequences of the three integral membrane subunits (subunits a, b and c) of the F , sector of the proton-translocating F-type (F, F, -) ATPases of bacteria, chloroplasts and mitochondria have been analysed. All homologous-sequenced proteins of these subunits, comprising three distinct families, have been identified by database searches, and the homologous protein sequences have been aligned and analysed for phylogenetic relatedness. The results serve to define the relationships of the members of each of these three families of proteins, to identify regions of relative conservation, and to define relative rates of evolutionary divergence. Of these three subunits, c-subunits exhibited the slowest rate of evolutionary divergence, b-subunits exhibited the most rapid rate of evolutionary divergence, and a-subunits exhibited an intermediate rate of evolutionary divergence. The results allow definition of the relative times of occurrence of specific events during evolutionary history, such as the intragenic duplication event that gave rise to large c-subunits in eukaryotic vacuolar-type ATPases after eukaryotes diverged from archaea, and the extragenic duplication of F-type ATPase b-subunits that occurred in bluegreen bacteria before the advent of chloroplasts. The results generally show that the three F , subunits evolved as a unit from a primordial set of genes without appreciable horizontal transmission of the encoding genetic information although a f e w possible exceptions were noted.
INTRODUCTION
Proton-translocating ATP synthases of mitochondria, chloroplasts and bacteria, also called F,F,-ATPases or Ftype ATPases, catalyse the reversible synthesis of ATP in response to a proton electrochemical gradient or protonmotive force by coupling the electrophoretic flux of protons through the F, membrane sector of the ATPase complex to the peripheral membrane F,-catalysed synthesis of ATP (Mitchell, 1979; Serrano, 1988; Futai et al., 1989; Senior, 1990; Hatefi, 1993; Pedersen & Amzel, 1993) . The proposed reaction sequence coupling ATP synthesis by the F, sector to H+ flux via the F, sector of the ATP synthase is:
(1) F, + ADP + P,,F,oATP
FO
(2) nH+ (out)enH+ (in) (3) Energy transduction from F, to F, (4) Release of bound ATP When the proton-motive force is generated by oxidative electron flow in mitochondria or in bacteria, the process is termed oxidative phosphorylation, but when it is generated by light-dependent electron activation followed by electron flow in chloroplasts or in photosynthetic bacteria, the process is termed photosynthetic phosphorylation (Mitchell, 1979; Malmstrom, 1989) . F-type ATPases are so efficient that they can turn over an organism's body weight in ATP several times in a single day (Pedersen & Amzel, 1993) . Some bacterial ATPases can transport Na+ instead of or in addition to H' , but the process appears to be mechanistically the same (Laubinger & Dimroth, 1988; Gogarten e t al., 1989a, b ; Kluge & Dimroth, 1992; 1993 ; Dmitriev e t al., 1993 Phylogenetic analyses of F,F,-ATPases ~ ~~ *The abbreviation used refers to the genus (first upper-case letter) and species (second two lower-case letters) followed by an upper-case letter as follows: B, bacterial protein; C, chloroplast protein; M, mitochondrially encoded mitochondrial protein; N, nuclearly encoded mitochondrial protein ; A, archaeobacterial protein; V, vacuolar-type protein; ?, protein of unknown function; a ' 1 ' or '2' following the source designation is included either when two such proteins are found within a single species (bacterial or mitochondrial proteins) or when the protein has two homologous repeat sequences, each of which is separately analysed (vacuolar-type). Abbreviations are indicated only for those proteins that were included in this study.
t This sequence was not used in the comparisons reported because it proved to exhibit greater than 90 YO identity with the sequence above it in the table.
related to F-type ATPases, and they exhibit similar structural features (Anraku et al., 1989 ; Nelson, 1989 Nelson, , 1994 Gogarten e t al., 1989a, b; Nelson & Taiz, 1989; Stone e t al., 1989; Cross & Taiz, 1990; Kibak e t al., 1992) .They energize the endomembranes of eukaryotes and are found in both archaea and bacteria (Denda et al., 1990; Yokoyama e t al., 1990; Saier e t al., 1993; Olsen e t al., 1994) . These enzyme complexes, like F-type ATPases, are multisubunit enzymes (molecular masses of about 500 kDa) with peripheral membrane catalytic sectors and integral membrane cation channel complexes (Nelson & Taiz, 1989 ; Foster & Fillingame, 1992 ; Fraga et al., 1994) . It is believed that the V-type ATPases diverged from Ftype ATPases relatively early, before individual F-type or V-type ATPases diverged from each other (Kibak et al., 1992; Saier e t al., 1993) . Topological analyses of integral membrane subunits of the F, sector of the F-type ATPases have been reported (Vik & Dao, 1992) . The a-, b-and c-subunits probably span the membrane six, one and two times, respectively. Fourier analyses of sequence variation and hydrophobicity led to the suggestion that two of the six transmembrane spanners of the a-subunit, the single spanner in the b-subunit, and the C-terminal spanner in the c-subunit each have a face in direct contact with membrane lipids. The remaining spanners were predicted to be more shielded from the lipid by protein-protein interactions (Vik & Dao, 1992) . A recent electronspectroscopic imaging study of the Escbericbia coli F, sector revealed three projections. Simulations with different models of the E. coli F, sector and the a,c,,-subunit complex revealed that these projections would only be obtained by tilting and rotating the model in which the aand b-subunits are located outside the c-subunit oligomer (Pedersen & Amzel, 1993 ; Birkenhager e t al. , 1995) . The F, sector of the ATPase is known to provide a pathway for proton transport through the membrane, but this pathway has not been characterized. All three subunits are required for reconstitution of functional F, transport activity (Schneider & Altendorf, 1984 , 1985 Brusilow, 1993) . Various residues in the a-and c-subunits are believed to constitute the pathway for proton transport from one side of the membrane to the other (Schneider & Altendorf, 1987) in a fashion reminiscent of the bacteriorhodopsin H+-conducting pathway (Zimanyi e t al., 1992 ; Krebs & Khorana, 1993) . The polar domain in the dimeric b-subunit appears to interact with the F, sector (Dunn, 1992) . X-ray diffraction analyses of F-type ATPases are beginning to reveal the detailed structures of these enzyme complexes (see Stokes & Nakamoto, 1994, and Walker, 1994 , for reviews).
In this study we have attempted to identify the sequenced, homologous a-, b-and c-subunits of F-type ATPases that were available when this study was initiated. Of these three subunits, only the c-subunits proved to be demonstrably homologous to those of V-type ATPases. Moreover, homologues of bacterial c-and a-subunits were found to be present in both mitochondrial and chloroplast F-type ATPases, but homologues of bacterial b-subunits were identified only in chloroplast ATPases. Mitochondria1 b-subunits may have diverged unrecognizably from the bacterial and chloroplastic homologues.
With the exception of a single functionally uncharacterized c-subunit homologue in Saccbaromyces cerevisiae and the V-type ATPase c-subunits, all proteins included within these three protein families are derived from Ftype ATPases. However, c-subunits of V-type ATPases are intragenically duplicated while b-subunits of chloroplast and blue-green bacteria are extragenically duplicated. The intragenic duplication event giving rise to the csubunits of V-type ATPases is predicted to have occurred shortly after the divergence of proeukaryotes from archaea, while the extragenic duplication of b-subunits is predicted to have occurred after cyanobacteria diverged A. B L A I R a n d O T H E R S from other bacteria but before the divergence of cyanobacteria from chloroplasts.
In this report, we present the multiple alignments and phylogenetic trees for these three families of integral membrane ATPase subunits, and the relative rates of evolutionary divergence of members of these three families are evaluated. The results show that the phylogenetic groupings of each of the subunits roughly follows the phylogenies of the organisms from which they were derived with only a few possible exceptions. These observations lead to the conclusion that, in general, the three F,-ATPase subunits evolved in parallel, but at different rates, throughout divergence of the species with little or no horizontal transmission of genetic information.
The available databases were screened in homology searches initially using selected a-, b-and c-integral membrane subunits of the E. coli F,F,-ATPases using the FASTA (Pearson & Lipman, 1988) or BLAST (Altschul et al., 1990) programs. Subsequently, representatives of each divergent group of these subunits were similarly screened in order to identify all homologous proteins in the database. The ALIGN program (Dayhoff et al., 1983) with 500 random shuffles was used to evaluate the significance of each binary alignment. Protein sequence alignments were generated using the TREE and PILEUP (Devereux et al., 1984) programs. The relative evolutionary distances for construction of phylogenetic trees were determined using the TREE program , and in the case of the c-subunits, these results were verified using the PAPA program . These programs were modified for execution in the UCSD VAX/VMS DNA system (Smith, 1988) . Evaluation of these methods has been considered in previous publications from this laboratory (Van Rosmalen & Saier, 1993; Reizer et al., 1994; .
c-su bunits
All F-type and V-type ATPases contain c-subunits (also called proteolipids or lipoproteins) which can be shown to be homologous (see below). The proteins of this family, indicated by abbreviation, are cited in Table 1 together with their biological sources, their numbers of amino acyl residues, and the accession numbers used to identify their sequences. The standard abbreviations used in this study indicate the genus designation of the organism of origin (first letter, upper-case) as well as the species designation (second and third letters, lower-case), followed by a letter to indicate whether the subunit is from a bacterium (B), a chloroplast (C), a mitochondrion and mitochondrially encoded (M), a mitochondrion but nuclearly encoded (N), a eukaryotic vacuole (V) or an archaeon (A) (Olsen e t al., 1994) . These subcategories of c-subunits include 12 bacterial proteins (B), 6 chloroplast proteins (C), 25 mitochondrial proteins (M and N), 1 archaeal protein (A), and several vacuolar proteins (V). The vacuolar proteins analysed were generated by an internal genetic duplication event, and they consequently possess two dissimilar copies of the sequence analysed. The F-type c-subunits are generally of 71-89 residues in length unless they are mitochondrial sequences that are encoded within the nucleus, in which case their larger sizes reflect the presence of targeting leader sequences that are cleaved following import into the mitochondria (Saier et al., 1989; Pao & Saier, 1994) . The archaeal c-type subunit (Sac-A) is 101 residues long and contains, in addition to a single repeat unit, a unique N-terminal hydrophobic sequence which on the basis of hydropathy analyses is long enough to span the membrane once. All homologous V-type ATPase lipoproteins contain two repeat units. These proteins are from 154 to 160 residues long. The Sce-V3 protein has not been functionally characterized and consequently is designated here as Sce-?. Some sequenced V-type ATPase subunits were not included in our study because of their high degree of similarity with an included protein. N o abbreviation for these proteins has been provided (see Table 1 and footnotes to Table 1 ). Fig. 1 presents the multiple alignment of all of the c-type subunit sequences listed in Table 1 that exhibit less than 90% identity with each other. These sequences were divided into two groups, those from F-type ATPases (top) and those from V-type and archaeal ATPases (bottom). Because of the very considerable sequence divergence of these two groups of proteins, their consensus sequences (consensus) were determined independently. A number (0-9) above a particular alignment (below the line indicating the alignment position) specifies that the residues in this position are conserved in all but 0-9 sequences. Conserved residues which are common to both the F-type and the V-type ATPase subunit consensus sequences (common consensus) are provided at the very bottom of the multiple alignment.
In the first half of the alignment (Fig. la) , only five residues are included in the common consensus sequence, and four of these are glycyl residues. They are undoubtedly of structural significance. By contrast, in the second half of the alignment (Fig. lb) , all but one of the commonly conserved residues are hydrophobic in nature (L, F, I and A). The single exception is the essential glutamyl residue that is known to be susceptible to derivatization by dicyclohexylcarbodiimide (Hassinen & Vuokila, 1993) . In two of the included F-type ATPases (those from E. coli and Vibrio algino&iczls) this last residue is an aspartyl residue. In the first half of each duplicated eukaryotic V-type ATPase, this essential glutamyl residue is replaced by a glycyl residue (Fig. 1 ). 
Phylogenetic analyses of F,F,-ATPases
Alignment I : Residue Variability: TGLIGAGIGIGV  TGLIGAGVGIGV  IGVSGAGVGIGL  IGLLGAGIGIAI  IGLTGAGIGIGL  IGLGGAGIGTGV  IALAGAAIGIGN  IALAGAAVGIGN  IALAGRAVG IGN  IASAGAAIGIGN  IASAGAAIGIGN  VGVAGSGAGIGT  IGMIGSGIGVGN  LPISRRALGVGI  LASIGPGVGQGT  LRRIGPGIGQGS  WIAGIGPGVGQGY LGAIGTRMSR Sce-? Table 1. relatively distantly from the mitochondrially encoded proteins. A single animal mitochondrial c-subunit sequence (Hsa-N) was included in this study, and as expected, it comprises a distinct subcluster. The most distantly related mitochondrial c-subunit is that from Paramecium tetraurelia (Pte-M) . It branches from the trunk of the tree at about the same position as the c-subunit of the F-type ATPase from the a-type purple bacterium, Rkodospirillum rzJbrz4m (Rru-B) . In the tree generated with the PAPA program (Fig. 2b) , the Para. tetraurelia c-subunit clusters very loosely with the Sce-? protein of 5'. cerevisiae.
Cluster B (upper right) includes all bacterial and chloroplast sequences with the sole exception of the protein from R. rubrum (Rru-B). In both trees (Fig. 2a, b ) the branching order within cluster B is the same. Thus, as expected from the phylogenies of the organisms from which these subunits derive [based on rRNA sequence data (Olsen et al. , 1994) clusters loosely with the cyanobacterial-chloroplast subgroup on both trees (Fig. 2a, b) .
The SuYo0lobu.r subunit (Sac-A) and the vacuolar subunits comprise cluster C (lower right in Fig. 2a, b) . As with cluster B, the branching order within cluster C is the same in both trees. The first halves of the eukaryotic vacuolar subunits all cluster together as do the second halves, and the archaeal sequence [which does not contain a duplication but does possess an unusual N-terminal hydrophobic stretch of about 25 residues (unpublished results)] alone comprises the third subcluster. These facts suggest that the intragenic duplication that occurred during the evolution of eukaryotic V-type ATPase c-subunits (Mandel e t al., 1988) occurred after the divergence of archaea from eukaryotes, but before the divergence of the eukaryotic V-type c-subunits from each other (see Discussion).
Cluster D (lower centre) consists of a single protein in Fig.   2 Fig. 2 ).
t Abbreviations for the proteins are provided in the footnotes to Table 1 .
$ The comparison score was determined using the ALIGN program with 500 random shuffles (see Methods). comparison score with Bta-V1 (see below and Table 2 ). In the tree depicted in Fig. 2(b) , Sce-? clusters loosely with Pte-M, the mitochondrial c-subunit from Para. tetraurelia. This latter protein is distant from the other mitochondrial proteins in both trees and is not closely related to any other sequence included in our study.
In separate phylogenetic analyses using the TREE and PAPA programs (see Methods), the proteins (or protein segments) within individual clusters were analysed for their phylogenetic relationships (data not shown). The results were in general agreement with those depicted in Fig. 2 . Thus, for example, in one series of tree constructions, the proteins in cluster C (V-type and archaeal c-subunits) as well as the Sce-? and Pte-M proteins were analysed. In these trees, Alu-V1, Bta-V1 and Sce-V1 clustered together, Alu-V2, Bta-V2 and Sce-V2 clustered together, and Sac-A formed a branch which was closer to the second repeat units than to the first repeat units of the vacuolar ATPase c-subunits as expected. Interestingly, however, Sce-? branched off from the trunk of the tree close to the V1 cluster and very distant from the V2 cluster. Moreover, the Pte-M branch emanated from a point closest to the branch for the archaeal Sac-A protein.
These observations suggest that Sce-? may be a vacuolar ATPase subunit and are in agreement with the phylogenetic assignments of archaea and ciliates as common ancestors of the progenitors of early eukaryotes.
When the proteins within each major cluster in Fig. 2 Phylogenetic analyses of F,F,-ATPases V2 (cluster C), a comparison score of only 5-0 SD was obtained, and when Sol-C (cluster B) was compared with Pte-M (cluster A or D in Fig. 2a of Sol-C (cluster B) with Bta-V2 (cluster 3) gave a value of 7.8 SD (Table 2) , highly suggestive of homology. Employing the superfamily principle (Doolittle, 1986 ; , it is probable that all of the proteins included in Table 1 are homologous. Table 3 lists the a-subunits of F-type ATPases which proved to be demonstrably homologous (ALIGN comparison score of > 9 SD with other a-subunits). a-subunits listed in Table 3 are all of bacterial (B), mitochondrial (M) or chloroplastic (C) origin. Forty-nine protein sequences are listed, and 38 of these were included in our study. These proteins were between 199 residues (Cel-M or Asu-M from worm mitochondria) and 395 residues (Nta-M from tobacco mitochondria) in length. Excluding the worm and plant mitochondrial sequences which are unusually short and long, respectively, all sequences fall within the range 214 (Tbr-M, the mitochondrial a-subunit of Tr~panosoma brzlcez] to 289 (Pmo-B, the a-subunit of P. modestzlm) .
a-su bu n i ts
The multiple alignment of the major portion of the 38 dissimilar a-subunit sequences is shown in Fig. 3 . The Nterminal portions of these proteins (alignment positions 1-95) exhibit poor sequence similarity; positions 95-1 85 exhibit intermediate sequence similarity, and positions 185-21 8 exhibit the highest degree of sequence similarity with no gaps in the aligned sequences. Within this last region are three residues in close proximity to each other that are fully conserved. These residues comprise the R L--N sequence motif at alignment positions 203-207. These are the only residues that are fully conserved in all a-subunits. This region of high conservation is followed by a very poorly conserved region with many gaps (positions 21 8-250) followed by a second relatively wellconserved region with no gaps in the aligned sequences (positions 250-270). Examination of the consensus sequence reveals that the regions conserved are, in general, amphipathic with interspersed hydrophobic, acidic, basic and semipolar residues.
A phylogenetic tree of the a-subunits is presented in A major portion of the multiple alignment of the bsubunits of bacteria and chloroplasts is shown in Fig. 5 . The b-subunits proved to be noticeably less well-conserved than the c-or a-subunits. Thus, within the alignment, shown in Examination of residues conserved in the b-subunits revealed that almost all of the residues occurring in the consensus sequence are hydrophobic (L, I, V and A). Only four residues in the consensus sequence (two Rs and two Es) are hydrophilic. The first well-conserved arginyl residue (alignment position 31) is fully conserved in all bsubunits except the duplicated halves of the cyanobacterial and chloroplast proteins. Further, all but three residues at alignment position 43 are acidic (E or D). These two residues presumably play important functional roles. The other two hydrophilic residues in the consensus sequence (R at alignment position 93 and E at position 106) are less well-conserved (Fig. 5 ). Phylogenetic analyses of F,F,-ATPases * The abbreviation used refers to the genus (first upper-case letter) and species (second two lower-case letters) followed by an upper-case letter as follows: B, bacterial protein; C, chloroplast protein; a '1 ' following the source designation is included when two b-subunits have been sequenced from a single organism.
b-subunits
of R. rHbrztm as the sole representative of the a-group of purple bacteria.
All remaining proteins are either from cyanobacteria or from eukaryotic chloroplasts, and these proteins are intermixed, reflective of the relatively recent endosymbiotic origin of chloroplasts from cyanobacteria. Many, and possibly all of these organisms and organelles, possess two distinct genes rather than a single gene encoding the two b-subunits of the F, channel. These bsubunits thus probably comprise a heterodimer rather than a homodimer within the F, protein complex. Each of the representative members of the two dissimilar bsubunits (B and C versus B1 and C1; see Fig. 6 ) cluster together. Thus, the six sequenced B1 or C1 b-subunits are found together on one distant branch, while the twelve sequenced B and C b-subunits cluster together on a distinct branch. It is noteworthy that the branching order for the six pairs of b-subunits for which complete sequence data are available for both members of the b-subunit heterodimer are nearly the same, and that the relative branch lengths never differ by more than twofold. The B and C b-subunits generally exhibit longer branch lengths than those for the B1 and C1 b-subunits. This fact suggests that the latter subunits have undergone slower evolutionary divergence than the former b-subunits following the duplication event that gave rise to these two subunits.
Comparison of phylogenetic trees for subunits c, a and b Fig. 7 shows phylogenetic trees for the three subunits of the F, portions of F-type ATPases for which complete sequence data are available for two (subunits c and a) or . . .
Fig. 3. Multiple alignment of the regions of the a-subunits of F-type
ATPases that exhibit notable sequence similarity. Abbreviations of the proteins are as indicated in Table 3 .
The format of presentation is essentially the same as for Fig. 1 Phylogenetic analyses of F,F,-ATPases even three (subunits a, c and b) of these subunits. Fig. 7 (a and b) shows the results obtained for the c-subunits with the programs TREE and PAPA, respectively. The branching order is practically the same with either program. Further, when comparing the tree shown in Fig. 7 (a) (c-subunits) with that depicted in Fig. 7 (c) (a-subunits), it can be seen that the two trees are almost identical with respect to branching order although the c-subunit tree is more compact than the a-subunit tree. The former observation strongly suggests that the c-and a-subunits evolved in parallel from common ancestral proteins. Since these phylogenetic trees generally follow the phylogenies of the organisms/organelles of origin, it appears that they evolved primarily by divergence during and following vertical transmission of genetic information. The fact that branch lengths are generally longer in Fig. 7 (c) than in Fig. 7(a) suggests that the rate of evolutionary divergence for the a-subunits was greater than that for the c-subunits.
Interestingly, the branch positions for the R. rubrum subunits and the P. modestzlm subunits cluster with the mitochondrial subunits and with the chloroplast and cyanobacterial subunits, respectively, on all three trees ( Fig. 7a-c) . The positional differences of the R. rubrum subunits probably reflect experimental error (i.e. compare Fig. 7a-c) . Comparing branch lengths for proteins represented in Fig. 7(d) with the corresponding proteins represented in Fig. 7(a, c) , it can tentatively be concluded that of these three subunits, the b-subunits diverged from their common evolutionary ancestor most rapidly, the c-subunits diverged most slowly, and the a-subunits diverged at an intermediate rate. The consensus sequence evaluation discussed above provides confirmatory evidence for this conclusion.
DISCUSSION
The present study serves to define the phylogenetic relationships between the three integral membrane subunits which comprise all F, sectors of the F-type ATPases of bacteria, chloroplasts and mitochondria. One of these subunits, the c-subunit, also exhibits homology to the corresponding subunit in an archaeal ATPase and the eukaryotic vacuolar ATPases. In the latter case, these subunits have evolved to about twice their original size due to an intragenic tandem duplication encompassing most of the gene encoding the primordial c-subunit (Mandel et al., 1988) .
Our studies suggest that the intragenic duplication event in the primordial c-subunit gene that gave rise to large eukaryotic V-type ATPase c-subunits (Fig. 2) and extragenic duplication of the evolving b-subunit gene that gave rise to two b-subunits in the F-type ATPases of cyanobacteria and chloroplasts (Fig. 6 ) occurred as early events during evolutionary history. The former event occurred about 2 billion years ago, just after archaea diverged from eukaryotes, but before the represented eukaryotes diverged from each other. The latter event may have occurred at about the same time after cyanobacteria diverged from other bacteria, but before they invaded eukaryotes to give rise to chloroplasts. Our analyses indicate that like the intragenic duplication event occurring in the evolving V-type ATPase c-subunit gene, the latter event probably occurred only once. Although chloroplasts may have evolved from cyanobacteria more than once, all of those that acquired the duplicated b-type subunit genes apparently acquired them from cyanobacteria in which this duplication event had already occurred.
Based on the phylogenetic analyses reported here and elsewhere (Gogarten et al., 1772; Kibak e t a/., 1772; Yokoyama e t al., 1970 Yokoyama e t al., , 1774 Solioz & Davies, 1774; Takase e t al., 1994) , we propose three pathways for the evolution of all related F-and V-type ATPases. We 
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Tfe-B assume that the common precursor of these enzymes was present in the common bacterial ancestor of the three relevant kingdoms of life, the archaeal-eukaryotic kingdom, the cyanobacterial-chloroplastic kingdom, and the bacterial-mitochondria1 kingdom.
Development of V-type ATPases possibly occurred in the archaeal-eukaryotic kingdom. Following extensive divergence of V-type ATPases from F-type ATPases, archaea diverged from proeukaryotes. Only in the proeukaryotic lineage, prior to the diversification of eukaryotes, did the tandem intragenic c-subunit duplication occur. These ' differentiated ' enzymes may subsequently have been acquired by bacteria as a result of horizontal transmission of the entire genetic apparatus, and some of these V-type ATPases apparently gained differing cationspecificities, i.e. for Na+ instead of H+ (Yokoyama e t a/., 1990 (Yokoyama e t a/., , 1994 Solioz & Davies, 1994; Takase et a/., 1994) . the two b-subunits must have been lost, or the latter chloroplasts evolved independently of the two-b-subunitcontaining chloroplasts from progenitor cyanobacteria in which b-subunit gene duplication had not occurred.
Intra-or extragenic duplication frequently gives rise to two products, one of which retains its primordial function, the other of which is free to diverge to acquire a dissimilar function (Wu & Saier, 1990; . In the cases of the two duplications that gave rise to more complex ATPases, that in the c-subunit gene of evolving V-type ATPases of eukaryotes, and that in the b-subunit gene that gave rise to the primordial cyanobacterial F-type ATPase, we postulate that one of these duplications evolved to primarily provide a structural role while the other evolved to primarily provide a functional role. Thus, the V1 subunit lacks the essential catalytic glutamyl (or aspartyl) residue at alignment position 88 in Fig. 1 and therefore may be unable to function in proton translocation (Fraga e t al., 1994; Zhang & Fillingame, 1994) . These V1 c-subunit halves have diverged more rapidly from each other and from the common V1/V2 ancestral protein than have the presumably functional V2 c-subunit halves (data not shown). Interestingly, this situation differs for the duplicated b-subunits. In this latter case, the B1 and C1 b-subunits which have lost the otherwise fully conserved arginyl residue (alignment position 31 in Fig.   5 ) and therefore have presumably lost an essential function, have nevertheless diverged from each other and from the common primordial sequence more slowb than have the B and C b-subunits (Fig. 6 ). These considerations lead to the postulate that while the c-subunits play a primary functional role in proton translocation, the bsubunits primarily serve a structural role in construction of the ATPase. Similar conclusions have been reached by others using quite different reasoning (Dunn, 1992 ; Pedersen & Amzel, 1993) .
The development of mitochondrial F-type ATPase complexity probably occurred primarily in the bacterial kingdom. N o recognized duplication events occurred in the genetic apparatus encoding the F, sector of these ATPases. However, following entry of mitochondrial precursor bacteria into endosymbiotic relationships with early eukaryotic cells, the b-subunits diverged unrecognizably from those in bacteria, possibly in order to provide new functions. At the same time, the ATPase acquired additional subunits to allow nuclear localization of some of the ATPase genetic apparatus as well as sensitivity to complex regulatory signals generated within these multiorganellar, multicellular hosts.
In the above discussion we have suggested three pathways to account for the evolution of all F-and V-type ATPases found in nature. The evidence generated by phylogenetic tree construction suggests that the three integral membrane subunits a, b and c of the F, portion of F-type ATPases usually evolved as a unit. In almost all cases, the phylogenies of these three protein subunits follow the phylogenies of the organisms from which they are derived. The H+-translocating F,F,-ATPase from R. rtlbrzlm, a Gram-negative purple bacterium of the asubdivision (Woese, 1987; Olsen e t al., 1994) , possesses cand a-subunits which consistently cluster with those of mitochondrial F-type ATPases rather than with those of the other bacteria represented in our study (Figs 2 and 4) . This fact correlates with the belief that mitochondria arose from an ancestral bacterium of the a-subdivision that also gave rise to R. rzlbrzlm. Although results of analyses designed to ascertain the origins of mitochondria are ambiguous, the results of ribosomal RNA analyses suggest that mitochondria were derived from members of the a-subdivision of purple bacteria (Gray, 1988; Gutell et al., 1994; Olsen et al., 1994 ).
An apparent exception to the rule that the F, subunits evolved as a unit may be found in the P. modesttlm ATPase.
The c-and a-subunits of this enzyme complex cluster more closely with those of cyanobacteria and chloroplasts than with those of other bacteria (Figs 2 and 4) , but the b-subunit clusters with the bacterial F-type ATPase b-subunits, being situated closer to the Gram-negative purple bacterial cluster of these proteins than to the Gram-positive bacterial cluster of these proteins. P.
modesttlm has been reported to represent a new, separate line of descent within the bacterial phyla, moderately related to the cyanobacteria (Both etal., 1991) . Since the bsubunit of P. modesttlm does not cluster as d o the a-and csubunits on their respective trees, the b-subunit may have been acquired by horizontal transmission from another bacterium. Alternatively, adaptation to Na' translocation other major subdivisions (Fig. 2) . Because the function of this protein is n o t known, little can be said regarding its significance. However, based on its phylogeny (as mentioned in t h e Results section), we believe t h a t it may prove t o be a constituent of a yet-to-be-discovered V-type ATPase. Alternatively, the encoding gene may be a ' pseudogene ' a n d does n o t e n c o d e a functional protein (Krawiec & Riley, 1990; Riley, 1993 ).
In conclusion, our results lead to the suggestion t h a t the evolution of the F, and V, sectors of F-type and V-type ATPases probably occurred almost exclusively by vertical transmission of genetic information with minimal duplication and horizontal transfer of the encoding genes. The potential exceptions are cited above.
